Cardiac afferents are sensory neurons that mediate angina, pain that occurs when the heart receives insufficient blood supply for its metabolic demand (ischemia). These neurons display enormous acid-evoked depolarizing currents, and they fire action potentials in response to extracellular acidification that accompanies myocardial ischemia. Here we show that acid-sensing ion channel 3 (ASIC3), but no other known acid-sensing ion channel, reproduces the functional features of the channel that underlies the large acid-evoked current in cardiac afferents. ASIC3 and the native channel are both especially sensitive to pH, interact similarly with Ca 2؉ , and gate rapidly between closed, open, and desensitized states. Particularly important is the ability of ASIC3 and the native channel to open at pH 7, a value reached in the first few minutes of a heart attack. The steep activation curve suggests that the channel opens when four protons bind. We propose that ASIC3, a member of the degenerin channel (of Caenorhabditis elegans)͞ epithelial sodium channel family of ion channels, is the sensor of myocardial acidity that triggers cardiac pain, and that it might be a useful pharmaceutical target for treating angina.
Cardiac afferents are sensory neurons that mediate angina, pain that occurs when the heart receives insufficient blood supply for its metabolic demand (ischemia). These neurons display enormous acid-evoked depolarizing currents, and they fire action potentials in response to extracellular acidification that accompanies myocardial ischemia. Here we show that acid-sensing ion channel 3 (ASIC3), but no other known acid-sensing ion channel, reproduces the functional features of the channel that underlies the large acid-evoked current in cardiac afferents. ASIC3 and the native channel are both especially sensitive to pH, interact similarly with Ca 2؉ , and gate rapidly between closed, open, and desensitized states. Particularly important is the ability of ASIC3 and the native channel to open at pH 7, a value reached in the first few minutes of a heart attack. The steep activation curve suggests that the channel opens when four protons bind. We propose that ASIC3, a member of the degenerin channel (of Caenorhabditis elegans)͞ epithelial sodium channel family of ion channels, is the sensor of myocardial acidity that triggers cardiac pain, and that it might be a useful pharmaceutical target for treating angina. C hest pain occurs when the heart receives insufficient oxygen because of coronary artery blockade or disease. Thomas Lewis proposed that the pain is caused by the buildup of compounds, released from metabolically stressed muscle, that then act on cardiac afferents, the sensory neurons that innervate the heart (1, 2). Lactic acid, a primary metabolite released from oxygendeprived muscle, is among the candidate compounds, because adding strong pH buffer to the pericardial space suppresses firing of cardiac afferents in response to coronary artery occlusion, and lactic acid evokes pain behavior (3, 4) . Myocardial extracellular pH drops to 6.7 during severe cardiac ischemia and is unlikely to drop further without being fatal (5, 6) . On the other hand, pH 7.2 occurs in various kinds of systemic acidosis without causing chest pain. Thus, the acid sensor for cardiac pain must respond within this critical range of extracellular pH. The goal of the present work was to find the molecular identity of this sensor.
We previously showed that one population of sensory neurons that innervates the heart responds to acidity by generating extraordinarily large Na ϩ currents (7) . These neurons, called sympathetic cardiac afferents, have cell bodies in the upper thoracic dorsal root ganglia (C 8 -T 3 ) and axons that follow sympathetic nerve trunks to innervate the epicardium, the outer layer of the heart (8). Sympathetic afferents are distinct from parasympathetic cardiac afferents, which also innervate the heart but have cell bodies in the nodose ganglia and axons that follow the vagus nerve. Because surgical dissection of sympathetic cardiac afferents relieves angina, they are considered the mediators of cardiac pain (but see ref. 9 for evidence that parasympathetic afferents also contribute to pain). In addition to evoking pain, these neurons trigger a sympathetic reflex response to cardiac ischemia that is counterproductive because it causes stronger and faster contraction at a time when the heart is getting insufficient oxygen (10) (11) (12) . Thus, suppression of sympathetic cardiac afferents might relieve both pain and a damaging reflex that accompanies it.
We showed that both sympathetic and parasympathetic cardiac afferents have acid-evoked currents, but the currents have dramatically (about 10-fold) greater amplitude in the sympathetics (7) . The currents are blocked by amiloride and pass Na ϩ better than K ϩ . This behavior of the currents identifies them as being carried by acid-sensing ion channels (ASICs) and distinguishes them from another type of proton-gated channel, vanilloid receptors. Krishtal's group identified ASICs as several kinetically distinct, Na ϩ -selective, Ca 2ϩ -permeant currents in sensory neurons that are evoked by lowered pH and are blocked by amiloride (13) (14) (15) (16) ). Lazdunski's group found that the currents are carried by a protonsensitive subfamily of channels within the larger family of epithelial Na ϩ channels and degenerins of Caenorhabditis elegans (17) . At present, the ASIC family has five members in rat: ASIC1a (17, 18) , ASIC1b (19) , ASIC2a (18, (20) (21) (22) , ASIC2b (22) , and ASIC3 (23) (nomenclature as in ref. 24) . The proteins are small (Ϸ500 aa) with two putative transmembrane domains, and several subunits are required to form functional channels (25) .
Sensory ganglia are richly endowed with ASIC mRNAs. The mRNA for four of the five family members (all but ASIC2a) are detected in sensory ganglia (26) , and two (1b and 3, also called ASIC-␤ and DRASIC, respectively) are only in sensory ganglia (19, 23) . We sought to find which, if any, of these clones forms the ion channel responsible for the large acid-gated currents in sympathetic cardiac afferents. There is no pharmacological agent that distinguishes the different ASICs. Therefore, we measured eight different functional properties of the native cardiac afferent channel and compared these to each cloned ASIC expressed in COS-7 cells. ASIC3 matched the native currents in all parameters, many of which excluded the other ASIC subtypes.
experiments, standard solution was used, except that both control (pH 8) and test (pH 6) solutions contained 0.5, 1, 2, or 10 mM CaCl 2 . In the Cs ϩ selectivity experiments, CsCl replaced NaCl in both control (pH 7.4) and test (pH 5) solutions.
For Ca 2ϩ permeability experiments, the internal solution contained (in mM) 90 N-methyl glucamine, 10 NaCl, 2 Na 2 ATP, 0.3 Na 3 GTP, 10 EGTA, 5 MgCl 2, 40 Hepes, with the pH adjusted to 7.4 with HCl. The external solution contained (in mM) 120 N-methyl glucamine, 10 Hepes, 10 Mes, and 10 CaCl 2 , adjusted to pH 7.4 or 6.0 with HCl. Voltage steps were made to Ϫ40, 0, 40, and 80 mV for 7 s, during which a 4-s pulse of pH 6.0 was applied. P Na ͞P Ca was determined from the reversal potential, by using E rev ϭ (RT͞2F)ln{4P Ca [Ca 2ϩ ] o ͞P Na [Na ϩ ] i }. P Na ͞P K was determined in standard solutions (control pH 7.4, test pH 5.0) from the reversal potential, by using
Time courses were fit with single exponentials, by using HEKA PULSEFIT software. Activation curves were fit with the Hill
, by using NFIT (University of Texas, Galveston, TX), where K 0.5 is the proton concentration that causes half the channels to open. All data are reported as the average Ϯ SEM.
Cell Culture and Transfection. Cardiac sympathetic afferents were labeled in vivo and prepared as previously described (7) . Briefly, about 4 weeks after 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine was placed in the pericardial space, dorsal root ganglia from the level of C 8 -T 3 were dissociated with papain, collagenase, and dispase plated on laminin-coated plastic, and stored at room temperature in L15 medium supplemented with 50 nM nerve growth factor. The mechanosensor neurons were prepared from the mesencephalic nucleus of the trigeminal nerve as previously described (27) . Briefly, cells were dissociated with papain, plated on a bed of glial cells, and stored at 37°C in F12 medium supplemented with 50 nM neurotrophin 3 and glial cell line-derived neurotrophic factor. Most recordings from neurons were made the day after dissociation, and none were made after 3 days; we saw no evident change in currents in this time.
All ASIC clones were kindly provided by R. Waldmann and M. Lazdunski (Institut de Pharmacologie Moléculaire et Cellulaire, CNRS Valbonne, France). Our sequence analysis of the ASIC1b clone used in this study differs from the GenBank ASIC-␤ sequence (accession no. AJ006519) at one residue: a threonine instead of a serine at position 82. ASIC clones were transfected into a line of COS-7 cells that we found had less than 100 pA of acid-evoked current at pH 5 and no transient acid-evoked current. The COS-7 cells were cultured in DMEM media with 10% heat-inactivated FCS (GIBCO) and 1% Pen͞Strep (GIBCO). Cells at about 50% confluence were transfected by using lipofectin reagent (GIBCO͞BRL no. 18292) with DNA for various ASICs and for the CD4 receptor in the pcDNA3 vector (Invitrogen). All recordings were made 24-72 h later; transfected cells were identified with CD4-coated microbeads (Dynal no. 111.05).
Results
Extreme Size and Sensitivity of Acid-Gated Currents in Cardiac Afferents. We fluorescently labeled cardiac afferents in rats by placing a lipid-soluble dye (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine) in the pericardial space (methods described in ref. 7) . The dye intercalates into membranes of nerve endings in the epicardium and becomes endocytosed, and the resulting fluorescent vesicles are transported to the neurons' cell bodies. Upper thoracic dorsal root ganglia are dissected and dissociated about 4 weeks after dye placement, and the sympathetic cardiac afferents are distinguished from other kinds of sensory neurons by fluorescence. To highlight the unique properties of the cardiac afferents, they are compared in Fig. 1 to nonnociceptive, low-threshold mechanosensors (sensors of either fine touch or muscle length) that are isolated from the mesencephalic nucleus of the trigeminal tract (methods previously described in ref. 27 ).
The pH of solutions flowing onto individual dissociated neurons was changed from 8.0 to the indicated value ( Fig. 1 A) for 600 ms (20-ms delay time for solution exchange). The currents activated by these pH changes were dramatically larger in cardiac afferents than in mechanosensors (note the 8-fold difference in the vertical scales), and cardiac afferents responded at a 3-fold lower proton concentration. Normalized peak currents are plotted against the activating pH and fit with the Hill equation (Fig. 1B) . Half-activation of the cardiac afferent channel occurs at about pH 6.6, and it clearly opens at pH 7, a value reached within the first few minutes of severe cardiac ischemia (3, 5, 6) . The average maximal acid-sensing current in the cardiac afferents was 13 nA, over three times larger than in the mechanosensors (Fig. 1C) . Acid-evoked currents in cardiac afferents routinely reach well over 20 nA, certainly the largest depolarizing current in rat sensory neurons and among the largest in the rat nervous system. Because the current has extreme amplitude in neurons specialized to detect cardiac ischemia and has the correct proton sensitivity to detect the pH changes that occur, it likely is the sensor that triggers acid-evoked cardiac pain.
Only ASIC3 Mimics the Acid-Evoked Current in Cardiac Afferents. In considering whether a known ASIC clone might generate the current in cardiac afferents, we ruled out two subtypes on the basis of published data: ASIC2b does not form a functional channel as a homomer (22), mRNA for ASIC2a is reported to be absent from sensory ganglia (26), and we confirmed that ASIC2a channels require nonphysiological acidity (pH 5) to open. Therefore, we asked whether the characteristics of the native channel in cardiac afferents could be matched when ASIC1a, 1b, or 3 is expressed in COS-7 cells alone or in combination with ASIC2b.
The sensitivity of ASIC3 to protons precisely mimics the cardiac afferent channel (Fig. 1B, open symbols) . The other ASICs are either slightly less (ASIC1a) or much less (ASIC1b) sensitive to protons (Table 1) . Because the critical range for cardiac pain is pH 7.1 to 6.7 (5, 6), Fig. 2 explores the sensitivity of the various clones in this range. ASIC3 is the most sensitive (pH 0.5 ϭ 6.7). Its activation curve is best fit with a Hill coefficient of 4.3, which suggests that at least four protons bind to the channel to open it. ASIC1a has similar steepness (Hill coefficient 3.9), but with slightly lower apparent proton binding affinity (pH 0.5 ϭ 6.4). ASIC1b does not respond in this physiological pH range ( Fig. 2B and Table 1) . Fig. 3 compares the kinetics and calcium inhibition of current from cardiac afferents to those of cloned channels. Steps to pH 6.0 were made with solutions having the indicated Ca 2ϩ concentrations. The native channel and ASIC3 share essentially the same time course, whereas the other channels open and desensitize more slowly (see Table 1 for time constants). Increasing Ca 2ϩ concentration inhibits all of the currents, but the native channel and ASIC3 are relatively insensitive: they are only slightly affected by 2 mM Ca 2ϩ and about 40% inhibited by 10 mM at pH 6.
Recovery from desensitization also clearly distinguished ASIC3 from the other clones. Cells were exposed to prolonged (7-10 s) applications of pH 6, which caused complete current desensitization (leftmost traces in Fig. 4 A-D) and were then returned to pH 7.4. At various times thereafter, cells received a brief (600-ms) application of pH 6 to test the fraction of channels that had recovered from desensitization. The native channel and ASIC3 both recovered very rapidly compared with the other channels. The average recovered peak current relative to the initial peak value is plotted against the time of recovery for the first 5 s (linear scale, Fig. 4E) and 40 s (log scale, Fig. 4F ). Single exponentials fit to the data have time constants of 0.61 and 0.58 s (17) 21 (19) Asterisks are means that differ from the cardiac afferent with greater than 99% certainty (two-tailed t-test, n ϭ 3-6). Values without standard errors are derived from curve fits (n ϭ 3-12). I 30Ca͞I10Ca is the ratio of peak amplitudes when Ca 2ϩ , at either 30 mM or 10 mM, is the only permeant ion. Numbers obtained from the literature are indicated by reference numbers in parentheses; we confirmed similar results from our clones. Activation rates were measured in outside-out patches; all others were made by using the whole-cell configuration. The different IC 50s for amiloride likely reflect use of different stimulating pH in different studies; for example, the IC50s for the cardiac afferent channel are 40 M and 10 M when measured at pH 5 and pH 6.8, respectively. Because of the wide range in the measurements of P Na͞PK, we do not consider the differences in averages to be real. PNa͞PK ranged from 1.99 to 6.42 for ASIC3 (n ϭ 6) and from 3.64 to 12.04 for ASIC1a (n ϭ 6), all measured at pH 5.
for the native channel and ASIC3, and 13 and 6 s for ASIC1a and ASIC1b, respectively.
The above data rule out ASIC1a and 1b and leave ASIC3 as a candidate for the native channel. To further test ASIC3, we made a number of other measurements, which are summarized in Table 1 . All channel types share two traits: selection of Na ϩ over K ϩ and block by fairly high concentrations of amiloride. However, the following six properties of the native channel are shared only by ASIC3: high proton sensitivity, rapid rates of activation, desensitization, and recovery, weak Ca 2ϩ inhibition, and low but detectable Ca 2ϩ permeability (see next section). Because all these functional features match in near-perfect detail, we conclude that ASIC3 is the major component of the native acid-gated channel in cardiac afferents. permeability in ASIC1a with 1.8 mM Ca 2ϩ as the current carrier. To investigate this result, we measured the voltage at which current changed from inward to outward when the current carriers were 10 mM external Ca 2ϩ and 15 mM internal Na ϩ . These reversal potentials (Ϫ23 Ϯ 7 mV for ASIC1a, Ϫ80 Ϯ 2 mV for ASIC3) indicate that ASIC1a is substantially more permeable to Ca 2ϩ than is ASIC3 (P Na ͞P ca ϭ 16 for ASIC1a; P Na ͞P ca Ͼ 100 for 4 . Only ASIC3 mimics recovery kinetics of cardiac afferents. Current was completely desensitized by a prolonged pulse to pH 6.0 (bar), and then the cell was returned to pH 7.4. Recovery from desensitization was tested by a 600-ms pH pulse triggered at the indicated times. (Only one pulse was given after each desensitizing prepulse, thereby avoiding accumulating desensitization; peak current occurs early in the 600-ms pulse, and this time to peak was not added to the recovery time.) Currents in a cardiac afferent (A) and ASIC3 (B) recovered rapidly; currents in ASIC1a (C) and 1b (D) recovered slowly. ASIC3). The native channel also has low Ca 2ϩ permeability under these ionic conditions (P Na ͞P ca Ͼ 100). The inhibition, permeation, and reversal potential measurements are consistent with the presence of an intrapore binding site in ASIC1a that is fully saturated at 10 mM Ca 2ϩ and that allows Ca 2ϩ to compete effectively with Na ϩ for occupancy of the pore. A relatively high Ca 2ϩ permeability appears unique to ASIC1a, as there is no apparent Ca 2ϩ permeation in ASIC1b (19) . We found greater Ca 2ϩ inhibition than previously reported (19) for ASIC1b. Perhaps this greater Ca 2ϩ inhibition is due to the fact that our measurements were made at pH 6, whereas the published measurements were made at pH 5.1. An alternative explanation is the single amino acid difference between our clone and the sequence deposited in GenBank (see Methods). Because pH sensitivity and gating kinetics sufficiently distinguish both forms of ASIC1b from the native channel (Table 1) , we did not investigate these issues further.
A Sustained Current That Is Unidentified. Acid-sensing ion channels select Na ϩ over other ions (13, 28) , but prolonged application of very low pH (Յ 5.0) evokes a distinctly different current in some sensory neurons. This current is sustained, is carried equally by various monovalent cations, and is not blocked by amiloride (29) . We previously described such a current in cardiac afferents with an apparent half-activation at pH 3.7 (7). However, Fig. 5A shows that this sustained current has different properties in different cardiac afferents. In all cases, its amplitude is small compared with the transient current (I sust ͞I trans ϭ 0.14 Ϯ 0.04 at pH 5, n ϭ 13), but its selectivity varies in different cells. In response to prolonged (4 s) application of pH 5, the cardiac afferent on the left of Fig. 5A had a sustained current that passed Cs ϩ about as well as Na ϩ , whereas the one on the right had a sustained current that was Na ϩ selective. Nine of 13 cardiac afferents surveyed with this protocol exhibited some degree of Cs ϩ permeability to the sustained current, but the Cs ϩ ͞Na ϩ current ratio varied unpredictably. In all cases, the transient current (far off scale with Na ϩ as the current carrier in Fig. 5 ) was greatly diminished when Cs ϩ was the current carrier, indicating its high Na ϩ selectivity. ASIC3 homomers have a Na ϩ -selective sustained current (23), but if ASIC3 is coexpressed with ASIC2b, a nonselective current appears, presumably because of ASIC3͞2b heteromer formation (22) . Fig. 5 (B and C) reproduces these observations. So, a possible explanation of the variable sustained current in Fig. 5A is that ASIC3 is highly expressed in all cardiac afferents, whereas ASIC2b is expressed in some, but not all. As discussed below, this difference in expression between ASIC3 and ASIC2b is not the only possible mechanism.
Discussion Extracellular acid appears to be a significant part of the signal that triggers pain during cardiac ischemia (3, 4) , and rat cardiac sensory neurons display extremely large Na ϩ currents through an acid-sensing ion channel (7) . Because the ion channels that mediate this current are probably molecular sensors for cardiac ischemic pain, we attempted to determine which, if any, of the five cloned ASICs mediates the acid sensitivity of rat cardiac sensory neurons. Our results point to ASIC3 for the following reasons: (i) the native channel and ASIC3 both open at pH 7, whereas other ASICs are less sensitive to protons (some dramatically so); (ii) the native channel and ASIC3 both gate between closed, open, and desensitized states clearly faster than other ASICs; (iii) the native channel and ASIC3 share aspects of permeation to and inhibition by Ca 2ϩ that are unlike the other ASICs.
The high proton sensitivity is perhaps the most critical of these features. During coronary artery blockade, extracellular pH drops to neutral in a few minutes but is unlikely to drop below about pH 6.7 (3, 5, 6) . Such moderate pH changes readily open ASIC3 channels, which have a very steep activation curve consistent with a requirement that four protons bind to open the channel. This requirement makes the channel 4-fold more sensitive than a pH electrode to protons over the range of pH that changes during cardiac ischemia. Perhaps coincidentally, most evidence indicates that channels in this family are tetramers (30) (31) (32) , although other evidence argues for different numbers of subunits (33) .
ASIC3 mRNA is abundant in rat sensory ganglia and scarce elsewhere (19, 23) . Moreover, we show in Fig. 1 that low threshold mechanosensors (cells uninvolved with detecting ischemia) have no functional ASIC3 channels, whereas cells specialized to sense cardiac ischemia are enriched in them. Such specificity in expression suggests that ASIC3 would be a useful pharmaceutical target for selectively suppressing angina and maybe other forms of ischemic pain. The human homolog (84% sequence identity) of ASIC3 has been cloned and displays high proton sensitivity (34) , but there is no information yet about its expression pattern in humans.
One property of the response of cardiac afferents to pH (a small, nonselective, amiloride-insensitive conductance seen at pH 5 in some, but not all, cardiac afferents) is not mimicked when ASIC3 is expressed alone. It is mimicked on coexpression of ASIC3 and 2b, as previously reported by Lingueglia et al. (22) , and the two subunits coimmunoprecipitate when cotransfected (35) . However, we cannot conclude that cardiac afferents express ASIC heteromers because other channel types could generate such currents. For example, vanilloid receptors generate sustained, nonselective currents at such extreme pH (36) and are present at low levels in cardiac afferents (7) . Furthermore, the extreme acidity required to evoke the sustained current might modify other ion channels to generate such small nonselective currents. We are pessimistic that a molecular identity can be provided to this current that varies in expression and has no kinetics, no selectivity, and no pharmacology. Moreover, because the sustained current occurs only at extremely low pH, its relevance to cardiac ischemia is questionable.
Roles for Other Channels. There are several reasons to hesitate to conclude that ASIC3 is the sole sensor for cardiac ischemic pain. First, acidity is only one of a number of signals that lead to cardiac pain, and acidity can activate molecules besides ion channels (see below). Second, we previously reported that a few cardiac afferents exhibit a less sensitive acid-evoked current with smaller amplitude and slower kinetics than the large, transient current that we studied here (7) . Thus, several channels may sense acid in rat cardiac afferents, ASIC3 being the most abundant. It is also possible that ASIC3 forms heteromers with other ASIC subtypes if these heteromers have the same properties as the ASIC3 homomer. A final issue concerns an inherent limit in our study: we can only compare the native channel to cloned channels. Could the native channel be an uncloned ASIC rather than ASIC3? We consider this unlikely because each of the known channels has a distinct fingerprint of functional properties that is unmatched by the others. The variability of these properties among the known channels argues against an unknown channel with the precise properties of ASIC3 and, thus, the precise properties of the native channel.
Search for the Mediator of Ischemic Pain. Although our efforts have focused on acid as a mediator of ischemic pain, there are other important candidates that should not be ignored. Adenosine is released from cells whenever there is a decline in intracellular ATP. There is conflicting literature about adenosine action on cardiac afferents, with some groups supporting a role in cardiac pain (37) (38) (39) and others not (40, 41) . Bradykinin increases firing of cardiac afferents in vivo (40, 42) by acting at B 2 receptors (43). It is cleaved from kininogens by the enzyme kallikrein, which can be triggered by a drop in pH. Thus, kallikrein is an acid sensor that generates a pain signal, bradykinin, that appears more slowly than ASIC3 current but might persist longer [tissue half-life of 15 s (44)]. Among other suggested mediators of cardiac pain are serotonin (45) , ATP (46) , histamine (47) , and oxygen radicals (48) . It may be possible to test in intact animals the relative importance of ASICs in cardiac pain by using amiloride; however, the concentrations necessary to block ASICs are very high, roughly 100-fold more than those used to block ENaCs.
Defining the mediator of ischemic pain, identifying the sensor, and finding a blocker are important for several reasons. First, angina is common: 12 million people in the United States have coronary artery disease, and 6 million suffer from chronic angina. Second, a drug that inhibits cardiac sympathetic afferents may be cardioprotective by suppressing the injurious sympathetic hyperactivity that accompanies chronic cardiac ischemia (10, 12) . Finally, if, as suggested by Thomas Lewis (1), cardiac and skeletal ischemic pains are triggered by the same mechanism, a blocker might be useful against other vasocclusive pain such as sickle cell anemia. Its properties and expression pattern suggest that ASIC3 is a good target for developing drugs that are selective against ischemic pain.
